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PREFACE

This report was prepared by Dr. Bruce E. Blom, Research Chemist, Snow and
ice Branch, Research Division, U.S. Army Cold Regions Research and Engineering
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vironmental Quality for Construction and Operation of Military Facilities, Task 01,
Environmental Quality Management for Military Facilities, Work Unit 002, Water Quality

in Cold Regions.
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work in Part III given by G.F.N. Cox and Dr. W.D. Hibler, III. The author also
wishes to acknowledge the helpful comments of Dr. H.I. McKim and Dr. R.P. Murrmann,

The contents of this report ar * not to be used for advertising, publication, or pro-
n.otional purposes. Citation of trade names does not constitute an official endorsement
or approvil of the use of such commercial products.

Manuscript received 3 January 1974.
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SUMMARY

Cadmium is efficiently adsorbed by two acidic soil horizons in the presence of a
relatively large excess of calcium or potassium. The adsorption is not completely re-
versible and the amount desorbed may porsibly decrease with time as isomorphic sub-
stitution progresses. Nevertheless, t he apparent separation factor provides a good
measure of the efficiency of the adsorption. It is fortunate that the adsorption of cad-
mium in these soils is irreversible, as it will be less likely that this metal will be de-
sorbed in the presence of large amounts of other counterions. The mechanism by which
cadmium is held irreversibly is not known; it scems to be unlikely that diffusion into
particle interiors has had a chance to become significant over the time frame of these
experiments. Clinoptilolite, altliough of value as an ammonium scavenger in waste-
water treatment, has little significance for cadmium removal.

A method for monitoring the flow of radioactive cadmium through soil columns
was examined. The use of spatial filtering, involving Fourier transforms, was found
to be a suitable technique for monitoring the changes in cadmium concentration as it
flows through soils. The filtering function is seen to be useful in decoding convolved
profile data obtained by the described methods. Problems exist in the high frequency
region but can be corrected for, and excellent agreement is obtained in the low fre-
quency region (the descending part of the curve). The latter is of more interest from a
theoretical standpoint. The method is quite general and should work with other sys-
tem geometries and other isotopes whose photon energies are 80 high as to give poor
resolution.



SORPTION OF CADMIUM BY SOILS
by

Bruce F. Blom

INTRODUCTION

Coucern over pollution of the environment by cadmium has grown in recent times as more and
more researchers have begun studying the effects and fate of cadmium in the air, the waters (both
fresh and salt), the earth, and the human body. The most extensive research has been performed
hy medical researchers who have investigated the toxicology of cadmium, interest in which was
stimulated by cases of acute cadmium poisoning in certain areas of Japan.*' Poisonings on a
large scale have not occurted in the United States in any known area, although local contamina-
tions have occurred.” Medical research is also concerned with the cumulative effect of cadmium
on a long-term hasis, especially in light of the increasing use of cadmium in industrial processes.

The increasing use of spray irrigation on land, as well as other techniques utilizing the land
for waste effluent treatment, have resulted in growing concein over the consequences of such prac-
tices. The investigations described in this report were undertaken to give a hetter understanding
of the interaction of cadmium, a potentially dangerous pollutant, with soils.

The report is divided into three parts:

1. Sources and effects of cadmium in the environment: a brief review
II. The interaction of cadmium with some native New Hampshire soils
I11. The tlow of cadmium through soils: an experimental method

I. SOURCES AND EFFECTS OF CADMIUM IN THE ENVIRONMENT: A BRIEF REVIEW

This section discusses the role of cadmium in general. Its chemistry in fresh water and soil
is treated in more detail. Certain areas are extensively reviewed by Lagerwerft.?

Scurces of cadmium

Cadmium enters the environment from many sources. It is always associated with zine: the
standard zinc slab at the National Bureau of Standards contains approximately 4% cadmium (ref.
38, p. 1). It enters the air with emissions from zi: ¢, copper and lead smelting plants. It can be
leached from the zinc coating on galvanized iron pipe used in older plumbing, and from plasti.
plumbing also, as cadmium is used as a thermal stabilizer in polyvinylchloride, the most common
plastic used for plumbing purposes.'* Cadmium is a waste product in sgent liquors from numerous

[



SORPTION OF CADMIUM BY SOILS

Table I. Cadmium and r'ac in the
b geosphere, hydrosphere and
(from Schroder:"* data from Bowen'). blosphere

Cd Za Ratlo

{ppm) (ppm) Zn:Ca

Sea water 0.00032-0.00075 0.009-0.021 28
Marine plants 0.4 160 376
Marine animals 0.160-3.0 8-1500 40-600
Fresh water 0.08 0.01 0.13
Soil 0.06 650 (10-300) 833
Land plants 0.6 100 167
Insects + 400 ?
Mammals Q0.6 180 320
Igneous rocks 0.2 7G 350
Shales 0.3 96 317
Sandstones 0.05 16 320
Limestones 0.035 20 571

" Coal + 40-108 ?
Coal ash 650 10,000 200
Petroleum 0.24-0.54 0.32 (0.03-8.1)
Fertilizers 1.0-10,0 130-2500 130-250
Air (ug/m*) 0-0.27 0-1.7 37-48

electroplating operations. It also appears in some batterics, pesticides, fungicides, fertilizers,
paints, alloys and dyes. It is found in automobile tires as a result of the zinc compounds used in
the vulcanization process.?®* Some plants can take up cadmium from the soil in which they are
grown; this may explain why cigarette smoke contains significant amounts of cadmium (ref. 11,

p. °4; ref. 31).

Clearly, the sources of cadmium are numerous. The distribution of cadmium and zinc on the
earth is shown in Table . Hem'® suggests that a considerable amount of the cadmium utilized in
the Unite:l States (6000 metric tons in 1960) and worldwide (17,000 metric tons) may escape into
the environment, although it is difficult to prove such a contention because of the lack of avail-
able data. ‘

Health aspects of cadmium pollution

There is considerable information dealing with acute cadmium poisoning. Sufticient evidence
exists to indicate that cadmium is accumulated primarily in the kidneys with smaller accumula-
tions in the liver. Although chemically similar to zinc, cadmium has no known function in any of
the life forms stedied. Schroder®® reports having raised mice on cadmium-free diets with no ad-
verse effects. Since zinc is utilized by the body it is a possibility that, because of chemical

. siifill4Fity; ¢adminm competes with zinc in some of its metaholic functions, causing some form of
cadmium poisoning. The toxicity of cadmium is;;approxi__matelyv‘/,' to % that of methylmercury, the

" most toxic form of mereury. Although acute cadmium poisoning is one potcntial problem, it has
also been suggested®® *' that smaller amounts of cadmium can give rise to hypertension.

The route by which cadmium enters the body appears to be extremely important. Evidence

indicates that sprenmatal. 19 & WA LRI RRIRG (P PRYY V1A the tosglatery system is
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SORP'I‘ION OF CADMIUM BY SOILS ’ 3

retained within the body. whereas less than 10% of that ingested into the gastrointestinal system
is retained (ref. 1i, p. 30). Thus, airborne concentrations of cadmium do not have to be as high as
aqueous concentrations to achieve the same effect within the body.

For further information on the va:ious physiological effects of cadmium the reader is ret’erred
to two major reviews.'t

Alr pollution by cadmium

Buchauer* conducted extensive tests on soils and vegetation in the vicinity of a zinc smelter.
Cadmium emitted from the smelter was primarily in the form of cadmium oxide particulates. Ninety
percent of it was found in the top 13 cm of soil with up to 1500 ppm in the surra.ce horizons (A0 and
A i <2 mm particle size). Cadmium levels decreased from approximate.’ 1200 ppm in the vicinity
of the plant to about 17 ppm 24 km to the east. The amount of water-extractable cadmium decreased
with increasing soil pH and the toxicity of the soil. to plants could be reduced by the application of
4 tons/acre of lime. It is estimated that the smelter emitted between .08 and 0.10 ton of cadmium
per day during 1970. The greatest emissions apparently occurred after sintering of ores hegan
(1949) but before an electrostatic precipitator was installed (1953). Estimated emission of cau-
mium during this period was approximately 0.45 ton per day. '

Studies in Sweden (ref. 11, p. 19) in the vicinity of a copper-cadmium alloy plant shcwed a
monthly mean value for cadmium oxide particulates of 0.6 ug/m® with a high value of 5.4 yg/m® for
a 24-hcur period. In contrast, concentrations of cadmium oxide in rural areas were {ound to be of
the order of 10™° y2/m*®. The maximum permissible limit for workers in contact with cadmium oxide
fumes is 160 ug/m?* (ref. 38, p. 33; ref. 24). In a study of urban air in Cincinnati®” 40% of the total
airborne cadmium was in the form of particles less than 2 ym in diameter.

Air pollution by cadmium is obviously a ‘‘1ocal’’ problem due to the relatively limited range
of cadmium oxide particles. Direct poisoning by inhalation depends on particle size, concentra-
tion, and duration of exposure. The problem may be spread beyond the local area however, as a
varjety of plant species are able to extract cadmium from the soil. Wheat and rice are significant
examples (ref. 11, p. 24).

Vater pollution by cadmium

Cadmium concentrations were recently determined in waters throughout the United States.’
Hem'® reviewed these data and found that, as expected, cadmium concentratlon‘g are highest around
industrial centers. Of the approximately 720 sites sampled, only 43 equalled cr excesded the cur-
rent Public Health Service limit of 10 ppb; 11 were public water supplies (raw) and 27 were located

in the southeastern region of the country. It should be noted that all samples were taken at approxi-
mately the same time of the yeat and do not necessarily reflect a permanent condmon. The high-

est value repnrted was 130 ppb in a small creek in Arizona.

Studies have also appeared on the distribution of cadmium in the oceans. Windom and Smith
found cadmium in continental shelf water, sampled in the upper 5-10 m, to average about 0.1 ppb.*
Ashton et al.,’ using deep sea cores, found the average cadmiur concentration of the sediment
to be 225 ppo (range of 40-580 ppb). There appeared to be no significant increase in concentra-
tion of cadmium in shell material over that found in the clayey matter. .

1t is difficult to say whether simple compound formation and dissolution are significant in
controlling the amount of soluble cadmium in waters. There are insufficient data available des-
cribing aquatic systems where several other variables, such as organic matter, have been meas-
ured in addition to the usually measurec pH and amounts of carbonate.
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Figure 1. Ep vs pH stability tield diag-m for the sys-
tem Cd-CO -S-H 0O at 25°C and ; atmosphere. (From
Hem.'*) Cadmmm concentration -- 10°'M, dissolved car-
bon diczide and sulfur - 10"°M. The solid lines re pre-
sent phase boundaries where the indicated species are
stable. The dashed line encompasses the area of con-
ditions that would almost always be found in nature.
Under anaerobic conditions (small or negative EH ) sul-
fate can be reduced to sulfide.

In order to determine the form and extent of cadmium in waters at least approximately, it is
important to know the effer:t of carbon dioxide and pH on solubility and solid formation o¢ cadmium.
Hem'® treated the Cd-CO,-H,0 system as having constant CO, ccntent: the resultant stability
field and solubility diagrams are shown in Figures 1 and 2, respectively. The effcct of the partial
pressure of carbon dioxide on the formation of solid phases is shown in Figure 3. Whether it is
justifiable -0 have the system closed with respect to CO, (i.e. constant total carbonate concentra-
tion) is debatable. In such an open system (P = 10"**atm) it is unlikely that cadmium hydroxide
will ever be formed. The effect of chloride in nlﬁler the closed or open system is negligible at the
miaximum permissible value of 250 ppm. Above 370 ppm, chloride will begin to increase the maxi-
mum pH for cadmium solubility. This is due to the fact that cadmium forms stable chloro-complexes.®
The effect of activity coefficien's, which is shown in the original paper,** is such that an increase
in ionic strength increases the solubility of cadmium.

There are two other likely mechanisms that are potentially capable of controlling soluble cad-
mium. The first of these is the formation of metal-organic complexes. Morel and Morgan*? ** anal-
yzed multicomponent metal-ligand systems by solution of the equilibrium equations. In one system
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Figure 2. Solubility of cadmium as a function of pH.

(Dat~ from Hem.'*) The system is closed with respect

to+ on dioxide at & total concentration of 0.001 M

(or 0. M as shown). The increase in solubility is due

to the formation of hydroxo-complexes and the higher

solubility of cadmium hydroxide itself versus cadmium
carhonace,

(pCd  9)* that did not take C1° into account approximately 20% of the cadmium was present as the
nitrilotriacetate (NTA) complex (PNTA = 6), 70% as the free metal, &nd 10% 4s the sulfate. In
their more expanded system involving 20 metals and 31 ligands at pH - 8, with initial values of
pCd - 6, pCl = 0.3 and PNTA - 7, very little of the Cd-NTA complex was formed as the cadmium
was bound almost exclusively to the chloride in various degrees of complexation. Maljkovic and
Branica® investigated the Cd*?-Ca *2=Cl -ethylenediaminetetracetate (EDTA) system polarigraph-
ically and found that, as expected, tha formation of CdCl’ as well as calcium-EDTA complexes

decredsed the amount of Cd-EDTA complex formed. However, of significant ‘mportance were re-
sults ohtained with the following solutions:

* pcd « ~logfcdl.
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Figure 3. Stability of the hydroxide and carwonate of S
cadmium as a function of the partia pressure of car-
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A. pCd - 6.4 pCl - 0.23 PEDTA - 6.1
% tonic cadmium after 24 howrs - O.

B. pCd -b4 pCl - 0.23 pCa - 2 PEDTA - 6.1
o, wonic cadmium after 24 hows = 75.

C. pCd-64 pCl = 0.23 pCa - 1.4 PEDTA = 6.1

%, ionic cadmium atter 24 hours = 100.
Example B represents an initial Ca/Cd ratio of 2.5 x 10*.

Thus it is apparent that although calcium could be present in great excess over cadmium 1t is
still possible for a substantial portion of the cadmium to be complexed.

Other organic lizands may be expected to play a significant role in cadmium control. How-
ever, the data are insufficient 1o ascertain which ligands are important and to what extent they
will be found in natural water systems. Formation nf soluble complexes could lead to waters
carrying higher levels of cadmium than predicted on the basis of irorganic solubility data.

Another mechanism is that proposed by Jenne'® where it is assumed that hydrous oxides of
manganese and icon sorb heavy metals. Jenne cites evidence for this type of mechanism in a num-
ber of cases it the exact nature of the mechanism 1s elusive and may be highly dependent upon
the particular cation being sorbed and the presence of other constituents in the sysiem. Coloidal
particle3 containing such metals might well be expected to pass through the 0.45-micron filters
used in water quality work and thus leave the metal available for detection. Unless such a sus-
pension ig destabilized, ietals associaicd witii colloidal particles are in essence still soluble.
On the other hand if a stable suspension is not forimed then hydrous oxides may become incorpor-
ated into sediments, thereby removing the metal from solution. Schroder (ref. 38, p. 3) reports
that sediment mud near a battery manufacturing plant on the Hudson River contained 24% cadmium
whereas the surrounding water contained only 2 ppm of cadmium.
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Cadmium 2 solls

Lagerwertt and Brower' studiwd the exchange of cadmium oo three different soils varying in
clay conten’ and type, and found Lhe exchange to be normal (with regards to electroselectivity)
with calcium- ::nd aluminum-l;eated soviis but abnormal with sodwut ~treated soils. %or the latter,
they artributed the decreasing amount of cadmium adsoried with decreasing sodium chloride con-
centration as being cue to \ drcreasing so1l erchange capacity caused by the adsoeption of alumi-
num compounds on the samples duri: 5 their preparation.

John® used 30 sw(ace soils and measured the adsorption 1sotherms using solutions contain-
g 1-1000 ppm cadmium. The data were fitted with Langmuir adsorption isotherms and adsorption
maxima for all soils correlated with aluminum and zinc soluble in 0.01 M calcium chloride. John
et al.? also studied the effect of cedmium on the growth of radish and lettuce plants, using 30
surface s0ils. Three vanables significantly contributing to the uptake of cadmium into the plants
included the ability of the soil to adsorb cacmium, the amount of acetate-extractable cadmium in
the scil, and the amount of organic matter. The level of cadmium used in these soils was 100

ppm, which is higher th2n 1s normally found but is not unreasonable compared with the leve!l
contaminated areas.

In another study John et al.”’ found high cadmium c- -entrations in oat roots with smali
amounts in the aboveground portions. Application of caivonate, nitrate, chloride sulfate, and
phosphate salts of calcium decreased cadmium percentage in the plant root system but not in the
upper portions of the plant. Page et al.,” using solution cuiture technigues, studied the effect of
cadmium, in the ranges of 0.1 to 10 ppm, on the growth of corn, tumips. beets, beans, tomatoes,
cahbage, lettuce, green pepper and barley. The results were dependent on the type of plant,
be:ts, beans and turnips heing most susceptible while cabbage was the most tolerant.

Buchauer,* investigating the effects of airborne cadmium on vegetatior and soils, found var-
ied tolerances among the local vegeration. Lehman and Wilson,™ using 8-ft-deep field lysimeters
and effluent from a treatment plant, reported an unspecified amount of cadmium in the effluent but
no detectable amount of cadmium in the filtrate. Bermuda grass clippings (rom the site coutained
3.6 mg cadmium per 100 g dried grass. Whether this is a high valve rels-ive to the soil cadmiuiu
concentration is unknown. Lagerwerff and Specht?’ anulvzed plants growing alongside well-
traveled roads and detected higher than normal amounts of cadmium which presumably had com
*,om automohile tires. Klewn?' sampled 264 surface soils over a3 300-square-mile area and found
for various land usages mean cadmium concentrations increasing in the order: residential < agri-
cultural < industrial < airport. The mean values ranged from 0.41 ppm to ;- .7 ppm with standard
deviations approaching 100% of the mean values.

All available data indicate that cadmjum applied Lo the surface of soil remains in close

proximity to the surface, eithes having been precipitated or immobilized by chelation or adsorp-
tion. Many plants can take up this cadmiym and pass it into the food chain.

Elfsct of cadminm on sewage trestment procelses

Comparatively little work has been done on the effect of cadmium on sewace treatment r~o-
cesses. Mosey’ studied the effect of cadmium on anaerobic digestion and found that, as is the
case with other heavy matals, sulfide and carbonate formation are roeponsible for low cadmium
toxicity with respect to biologica! processen. Above pH = 7, carbonate formation appears to be
the responsible mechanism of csimium precipitation whereas sulfide formation is effective be-
low this pH. The toxic effect of cadmium ir, found to be fast acting and the addition of sullide
did not entirely prevent it. Sulfide has to he present before the cadmium is added in order tn pre-

vent the inhibition of the biological processes. Uptimum results were obtained with equimolar
concentrations of 2ulfide and cadmium.
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SORPTION OF CADMIUM BY SOILS

Since most sewage treatment processes in use today operate under aerobic conditions, cad-
mium sulfide precipitation is not an important factor but carbonatz formation can still take piuce
under these conditions. Since most systems have some method of agitation, the sewage solution
should remain saturated with CO,. Thus at a pH = 7, the maximum amount of soluble cadmium
should not rise above approximately 26 ppm. However, at pH = 6, this maximum value can be as
high as 2600 ppm, indicating pH control is critical. Polish workers*? have found that the muximuym
permissible amount of cadmium (in the form of sulfate) is 0.8 ppm for acrivated sludge processes.

At about this value cadmium begins to interfere with the chemical and biological processes taking
place.

Carbonate rormation is a factor in cadmium removal but it is not necessarily the predominant
mechanism nor even a significant one (except for high concentrations of cadmium). In one study,”
chromium, copper, zinc and nickel were studied, to determine their effect upon the hiological pro-
cesses, both singly and in combination, when they were incorporated into an influent stream that
was fed to activated sludge digesters. In single ion experiments concentrations usually ranged
from 2 to 20 ppm. Based upon the solubility of the simple carbonate and hydroxide species only
zinc could be effectively removed. Copper and nickel would remain in solution. However, the
concentratiras of the metals used in these experiments did decrease by varying amounts. The
majority of the metal in this case was removed by interaction with 1hc microbial floc in the diges-
ter. Metals in combination exerted no synergistic effect.

Il. THE INTERACTION OF CADMIUM WITH SOME NATIVE NEW HAMPSHIRE SOILS

Introdyction

In order to obtain more information on the interaction of cadmium with soils, a series of lab-
oratory experiments, under equilibrium conditions, were performed utilizing soil samples from the
lysimeter phase of the CRREL Wastewater Management Project. Two other materials were also
studied: Charleton loam, a more acidic soil thai the others studied, and clinoptilolite, a naturally
occurring ammonium-selective zeolite which has potential use in wastewater treatment.

In vitro studies of this type represeut anproximations to actual in situ conditions. Natural
systems exist in dynamic equilibrium and/or nonequilibrium states and as such cannot be readily
explained except in generalities. Equilibrium studies provide a clearer understanding of some of
the processes takiug place in natural systems.

Materials and nr:ihods

Samples of the A and B horizon of a Windsor loamy fine sand collected {rom a site near the
Lebanon Regional Airport, Lebanon, New Hampshire, were used. Both horizons have water pH's
of approximately 6. The A horizon consists of approximately 75% sand with the remainder of the
material equally divided between silt and clay. The B horizon contains 86% sand with the re-
mainder again equally divided between silt and clay. A Charleton loam (obtained from the Robert
Adams property, Etna, New Hampshire) was selected because of its higher clay content (approxi-
mately 25%) and its acidic properties; pH's of 1:1 soil-solution mixtures in 0.01 M calcium chloride
were approximately 4.7. The predominant exchangeable cation in both soil types is calcium. The
clinoptilolite sample (W.R. Grace & Co., Sample #6787-24-#2, attrition index of 10) originated
from altered trachytic tuff volcanic deposits and consisted of > 85% clinoptilolite with minor
amounts of quartz, glass, mordenite and montmorillonite. It was slightly basic in calcium chloride
solutions. Additional data on clinoptilolite may be found in a study by Howery.' In all cases the
- 9 mm fractions were used and, in the case of the soils, root material was removed.
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3 100, R . . . All sumplgs were calcium-saturated by pass-
< 8o} - o ""f 0.1 M calcium chloride (pH - 6.1) through the
| PP AP —— o | soil colun.ms lll.ltil constant calcium concentrations
§ 40! o wgre obtained in the leachate. In addition, potas-
S i )/ ® Winoaor A sium-saturated soils were prepared using 1 M po-
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o o ¢ s y ?ss 2'0 5 9‘2 9‘3 oa 95 vater was passed through the column until the

' (hes) washings showed a negative silver nitrate test.

Figure 4. Cadmium adsorption on Windsor A Cadinium chloride solutions were prepared by

and B soils us a function of time. serial dilution of stock solutions prepared from the
reagent grade salt and were spiked with carrier-
free '"Cd (International Chemical and Nuclear
Corp. #61006). The solutions were acidic (pH = 1.3) because the spike was 0.5 N in HC). Cad-
mium solutions were prepared ranging from 5 - 10”7 N (27 pph) up to 10" N: they were stored in
acid washed polyethylene bottleg. For the higher concentrations, total cadmium plus calcium was
constant at approximately 10°2 N.

Equilibration of samples with cadmium solutions at the highest concentrations was carried
out in polypropylene centrifuge tubes at room temperature (- 22°C) using 1-g camples and 10 ml of
solution. All other isnrtherm data were chtained using 5-¢ samples and 25 ml of solution. After
sufticient time for equilibration (approximately 48 hours: see Fig. 4) the samples vere centri-
fuged and supernatant pH and activity were measured, the latter with a scintillation counter (Nu-
clear-Chicigo Model #8703 with Model #821330 NaJ*Tl well probe). As a check, the samples were
washed with water and isopropanol until the supernatant liquid showed no activity and the activity
of the soils was measured. A comparison of the amount of cadmium associated with the soil com-
i 'ex as determined directly and indirectly showed no significant difference. Negative adsorption
tl.erefore appears to he of no importance. Consequently, later experiments were performed meas-
uring only the supernatant activity. Cadmium exchange capacities were determined using 0.1 N
CdCl, (pH - 5) spiked with high specific activity "Cd (ICN #62004). One gram of soil and 30 ml
of solution were placed in a centrifuge tube and shaken for 1 hour; five repetitions of this proce-
dure were found sufficient to ensure saturation of the samples. All samples were run in duplicate
except for the Windsor i* which was run in triplicate. The amount of cadmium associated with the
soil was determined hy direct counting of the soil.

Results and discussion

Figure 5 shows the exchange isotherms at highest cadmium concentrations for some of the
samples. The Charleton samples exhibit some interesting hehavior. The surface horizon shows
what is known as selectivity reversal; this is indicated by the S-shaped isotherm. Such reversal
is usually attributed to differences in the size of the competing ions or to the presence of two
different types of exchange sites, the total isotherm being a composite of the individual isoth%rms
for each site. Since the radii of the two divalent ions are approximately the same (rg, = 097 A,
rca - 0.99 1), the latter may be the case for these soils as both inorganic and organic sites are
competing for cadmium ions. The other two Charleton samples have isotherms indicative of a pre-
ference for caleium. Assuming that the clay type in all three horizons is the same, the preferential
uptake of calcium by the clay and silt combined with what is apparently preferential binding of cad-
mium by the organic matter may give rise to the S-shaped isotherm for the surface horizon as seen
in Figure 5. As the clay and silt constitute at least 50% of every horizon they must have a very
low exchange capacity.
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Figure 5. Exchange isutherms for the system Cd**~Ca**-~soil. The barred

quantities reter 10 the equivalent ionic fraction of cadmium associated with

the soil complex. The abscissa represents the ioric fraction of cadmium in

solution. The numbers following the designation ‘*Charleton’’ refer to the

depth in centimeters at which the sample was obtained. Total calcium plus
cadmium in solution is constant (10-* N).
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Figure 7. The effect of calciur chloride concentration on
cadmium adsorption. The solid lines represent [Ca*’] -
9.88 > 10-°N and the points (Ca*?) - 9.88 ~ 10-* N.

The Windsor B sample shows just the oppusite behavior. [t has a high preference for cadmium
yet has an extremely low clay and silt content. Clinoptilolite shows a preference for calcium under

these conditions. Howery'* has investigated clinoptilolite using various other ion pairs and has
found similarly shaped isotherms.

Figure 6 shows the adsorption isotherms for the samples over several orders of magnitude of
surface cadmium coverage. The fact that the isotherms are lineat would tend to imply that there
are no detectable irregularities in the exchange sites at these surface coverages (the amount of
extractable cadiniui in the onginal soil samples was found too low to have an effect on the re-
sults). The position of the lines is very interesting. As will be seen shortly, the degree to
which the lines are aispla¥ed from the line denoting non-selectivity is directly related to the mag-
nitude of the separation (§ctor. Thus the Windsor B, although having a lower exchange capacity
and significantly less organic matter than the A hotizon, is a more efficient ‘‘trap'’ for cadmium
in the presence of calcium. In the case of clinoptilolite selectivity reversal is appatent.

Figure 7 shows the data obtained for two different calcium concentrations. For the Windsor
B material and the clinoptilolite the effect of calcium concentration 1s minimal whereas for the
Windsor A malerial there seems 1o be a definite effect. Increased adsorption with decreasing sup-
porting electrolyte concentration has often been ascribed to the increased dispersion of the clay
with decreasing ionic strength. This is due to the iacreased accessibility of the clay adsorption
sites as the material becomes more dispersed. (This reasoning has alsobeen utilized to explain
the apparent irreversibility found in heterovalent ion exchange in soils.*) This would explain the
A horizun results (although the slight difference in pH cannot be ruled out entirely) and also the B
horizon results, the clay content of the latter being so smail as not to manifest itself. The effect
of pH on the ammonium ion capacity 1s shown in Figure 8. The resulrs were obtdined by saturat-

ing the soils with ammonium acetate buffers of varying pH values and removing any excess solution.

N




—
[

SORPTION OF CADMIUM BY SOILS

S 28} 1 (Such treatment resulted in colored leachates:
g : the brownish-orange color increasing in in-
g 24} A~ ] tensity with decreasing pH. Atomic absorp-
€ Windsor A/ \\\} tion analysis of the solutions showed the pre-
.:-i: 2.0f // 1 sence of iron. Neither HC] nor an acid phthal-
§ 6l // ate but‘fer of corre w‘pondinu PH produced such
o Vi ] coloration.) The :.ir-dried samples were then
g' ol / |  mixed with 0.1 N sodium hydroxide and the
é // Windsor 8 evolved ammonia was determined with a pre-
E os} 4 — — -4 viously calibrated ammonia sensing electrode
/ 1 (Orion #95-10) coupled to an Orion #801 Ion-
oat ¥ 1 alyzer. Untreated samples liberated a detec-
table but insignificant amount of ammonia
ok i 3 4 3 upon similar base treatment.
pH Figure 9 shows the separation factors for

equil
the various samples.* Clearly shown in the

data for the Windsor A horizon and possibly
present in the Windsor B horizon data is an
apparent change in slope. This may be in-
dicative of different types of sites, associated with the clay and/or organic matter, capable of in-
teracting with the cadmium. The fact that the separation factor is not constant and decreases with
increasing coverage indicates that cadmium somehow interferes with its own sorption. It is possible
«at cadmium which is initially taken up by the soil may block subsequent sorption of cadmium ions.
Thus, calcium tends to become more competitive.

Figure 8. Ammonium ion capacity of Windsor
soils.

Exchange reactions were also carried out using 0.01 N potassium solutions instead of calcium
solutions. This resulted in a large increase in separation factors as compared with the calcium-
cadmium system. For the Windsor B sample the increased separation factor could be explained on
the basis of electioselectivity ~ preferential uptake of a divalent species in the presence of a uni-
valent ion. For the A horizon the electroselectivity effect was insufficient in explaining the large
increase in the separation factor. The higher equilibrium pH's of these windsor A samples

* For the exchange reaction

Z Z Z z
A2+B b _ substrate #B b + A 2 - substrate

where Z, and Zp are the charges on species A and B, respectively. The separation factor ag is defined as:

ag = (Xa XI))/( Xb Xa)

where the barred quantities refer to equivalent ionic fractions on the substrate. The molar selectivity coef-

fiefent x'g is defined as:

7yl 12 Y/ Z
k'3 - (@ bl o2ty ohZel 620,

The significance of these two quantities lies in the fact that the separation factor is the bist indicator for
determining ion preference, even though the preference may be of n purely electroselective natwe. The
selectivity coefficient is a more fundamental quantity and minimizes electroselective effects. A fuller dis-

cusnion may be found in Helfferich's hook.'
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(PH  5.7) and the resultant fnerease in exchange capacity is not an ent wrely satisfactory oxplana-
tion as there would have to have been i four-fold increase in the exchange capacny i the Windsor
A sample 1n order that the results could be explained on the basis of electroselectivity alone.

- Reversibility

Earlier work with some of the Charleton soils indicsted that even after repeated equilibrations
with fresh 0.01M CacCl, to the point where there is no detectable activity in the solution phase,
there still existed a symaificant amount of cadmium associat 2d with the solid phase. This was
true even for the one sample of Windsor B.

To ascertain more quantitatively whether the system 1s reversible, the Windsor A and B
samples that are mdicated by the open symbols in Figure 6, which had heen washed with waterand
1sopropanol and vacuwanm-dried at room temperature for 48 hours, were mixed with 25 ¢¢ of 9.88 -
107" N CuCl, and allowed to equilibrate for 48 hours. Solution activities were measured and the
1sotherm was calculated. The samples were decanted, washed and dried, and the process repeated,
The results are shown in Figure 10. As cuan be seen for both the A and B samples the exchange 1s
not reversible, For the B matenal the first desorption, although showing hysteresis, appears to
rall eventually on the adsorption 1sotherm when the lowest coverage i5 reached. The second and
thined desorption 1sotherms, which are parallel to the first, do not show this effect. The data for
the A sample indicate only that the situation is not reversible. [t is difficult to reconcile this with
thie manor increase in pH with increasing desorption steps. With the B sample, unless the ammoni-
um exchange capacities are the result of some specific interaction independent of pH and masking
a possible pH dependence of other sites, it would not be justified to assume that pH would have
such a marked effect on the adsorption and desorption of cadmium. Likewise, there is no a priori
reason to suspect that the alcohol treatments have 'n some fashion altered the system. The argu-
ments for the A sample are simlar.

Although several equilibrations with 9.88 » 10-*N CaCl, did decrease the amount of cadmium
assocrited with the soil complex (to 75 of the original amount for the Windsor A and 85% for the
Windsor B), equilibrations with either 0.1 N NaCl or 0.1 N NaOH resulted in similar amounts of
cadmium being desorbed. Equilibration of the Windsor A samples with 0.1 N HCI reduced the
amount of adsorbed cadmium to approximately 5% of the original amount. Twe acid equilibrations
with a Windsor B sample reduced the amount of adsorbed cadmium to approximately 34% of the
original amount.

In order to decide the question concerning possible alteration of the system due to isopropanol,
the following experiments were performed. Exchange isotherms were measured in the usual way but
in this case the 6-ml aliquot of supernatant liquid which had txen removed for counting purposes
was replaced by 6 ml of the same CaCl, solution used in preparing the initial solutions which were
eithet 9.88 = 100’ N or 9.88 » 10 N 1n CaCl,. These solutions were allowed to equilibrate for 48
hours and the process was then repeated after the 6-ml aliquot hiad been withdrawn for counting
purposes, The regulis for one Windsor B sample are shown in Figure 11. In a reversible svatem
all points would fall on the same line. The results for the other samples of Windso: A and clinop-
tilohte were similar.

Use of the separation factor, or any other similar tvpe of coefficient, implies 4 reversible
situation. In the system under discussion the exchange is not totally reversible. It may be the
case that the fraction of the cadmiun which is behaving as if it were irreversible is 1n actuality
not easily reversible; larger equilibration times mayv show that the system 1S completely reversible.
However, in hght of the previously mentioned leaching data, thhs does nct appear to be the case.
Even acid equilibration failed to entirely remove the cadmium on the Windsor B sample. Thus,

ot e e

il
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Figure 11. Cadmium desorption on non-alcohol-treated Windsor B.

equilibrium calculations seem to be invalid. However, in practice we are interested initially in
agg and not agé‘. Thus, the separation factor can be used as a reasonable measure of the effici-

ency of cadmium removal. The fact that part of the cadmium is no longer easily exchuanged is im-
portant when considering the fate of cadmium wastewater applied to soil. Leaching of the ad-
sorhed cadmium will be more difficult than indicated by these separation factors.

Conclusions

Cadmium is efficiently adsorbed by two acidic soil horizons in the presence of a relatively
large excess of caleium or potassium. The adsorption is not completely reversible and the amount
desorbed may possibly decrease with time as isomorphic substitution progresses. Nevertheless,
the apparent separation factor provides a good measure of the efficiency of the adsorption. It is
fortunate that the adsorption of cadmium in these soils is irreversible, as it will be less likely
that this metal will be desorbed in the presence of large amounts of other counterions. The mech-
anism by which cadmium is held irreversibly is not known; it seems to be unlikely that diffusion
into particle interiors has had a chance to become significant over the time frame of these experi-
ments. Clinoptilolite, although of value as an ammonium scavenger in wastewat2r treatment, has
little significance for cadmium removal.

Lagerwerff and Brower,* using a calcium-substituted Cecil sandy loam, found that, for con-
stant calcium ion concentration, the Gapon coefficient* decreased with decreasing initial cadmium
concentration. The Windsor A sample used here is the most comparable to their sample and was
found to show similar behivior of the Gapon coefficient hut the separation factor increased with

* The Gapon coefficient G for thix system as given by Lagerwerff and Brower™ is:

1 1.
- Y3y g »
S - [Ccalcca) MICcalCed R
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decreasing concentration. This is mentioned because in this study use of the Gapon coefficient
weuld have led to the conclusion that cadmium selectivity increases with increasing amounts of

adsorbed cadmium. Use o1 he separation factor (or the selectivity coefficient) leads to the oppo-
site conclusion.

The form of cadminm in the soil complex is not known. Data from Butler® indicate that at high
ionic strength approximately 20% of the cadmium is in the form of the monochloro complex, CdCl*,
when the chloride ion concentration is approximately 10-* M. Baric and Branica? have concluded
that CdCl* is the predominant species in sea water and that the complex species begins to form
at chloride concentrations of approximately 0.04 M at the ionic of sea water. If electrolyte sorp-
tion is not negligible on various soil types, or in saline soils, it is conceivable that the chloride
ion concentration associated with the soil complex might become large enough to influence cad-
mium adsorption due to the decrease in electroselective preference for univalent ions, such as
CdCl*, in the presence of multivalent cations.

Suggestions for further research

As previously indicited, the mechanism by which cadmium is bound to the soil is not well
understood. Simple cation exchange is relatively temperature independent because of the small
heats of exchange. Strongly adsorbed materials may have high heats and thus calorimetric studies
may be useful in studying bonding strengths. Similarly, it is known that organic molecules can ad-
sorh onto clay minerals. An investigation of the role such organics play in clay-metal interactions
would be highly informative. Isomorphic substitution as a long-term sink for heavy metal removal
should be more extensively investigated, perhaps by attempting to detect changes in the mineral
phase hrought about by long-term association with various metal ions.

Finally, there is some preliminary doubt regarding the correctness of the Gapon coefficient
for divalent exchange as reported by Lagerwerff and Brower.?® A complete reexamination of the
significance of the various forms of exchange coefficients should be undertaken with the intent
of arriving at a uniform description of exchange reactions.

fll. THE FLOW OF CADMIUM THROUGH SOILS: AN EXPERIMENTAL METHOD

Introduction

Numerous studies in the area of ion movement through soils have been conducted to gain in-
formation useful in both understanding its mechanism and being able to predict such movement in
other systems. Invariably laboratory experiments have involved direct analysis, with resultant

destruction, of the soil column after an experiment has been performed. This section describes
a new nondestructive method whereby the distribution of a metal ion, cadmium in this example, is

determined by external scintillation counting of the column following the application of cadmium
solutions containing a radioactive ‘‘spike.’’ This procedure allows one to perform several experi-
ments on a single column whose physical characteristics remain constant.

Because apparatus design has a hearing on the precision and amount of data obtainable using
this method, a description of the apparatu; and materials used in development of the procedure is
of significance.

Design criteria and detector performance

Apparatus. The apparatus is shown in Figure 12. The Plexiglas columns have an internal
diameter of 28.5 mm and a wall thickness of 2 mm. The Nal-T! scintillation detector is enclosed
in a wooden box 12 mm thick and open at both ends. The sides of the unit are encased by 50 mm



SORPTION OF CADMIUM BY SOILS 17

Guides
5'long
4 A
)
=
)
. Leod —
Column b

Detector

gery'ig:ol | 4'- ________ 5=
osition - - ) ‘ '
Indicator Detector Q=0 h —_—
*.. _________ 3. a
| S ! |
1.

Clomp , L.ead

icLeveling Screw ;
o % \'/_\I‘-l oo L

Column

-

T

Side View
i ft -

Figure 13, Detector and column'gébmctry. The detec-
Figure 12, Apparatus used for monitoring  tor slit is perpendicnlar to the long axis of the column
cadmium movement in soil columns. and sees the entire width of the column.

| j ' ' ’ ] of lead, wherea. the lead shielding in front is 25
‘\ mm thick. A 4-mm-high by 50-mm-'wide slit was
. ) cut through the front shielding and centered on the
{ \ detector face. Use of a slit minimizes the count-
o 1 ) ing error by maximizing the number of counts per
: minute while simultaneously allowing use of a
small vertical slit height and thus a higher degree
of resolution. The detectsr itself is a well-tpe
design (Nuclear-Chicago Model #821330) connected
.\ to a NC Model #8703 Counter. ‘

The colunmns, approi‘ci‘mately 70 cm lo»ng.l are

: mounted on the apparatus and may be mvoved past

’/° “ the slit. The ‘‘spiked’’ solutions are passed

o n 5 3 a 56 2 through the column and the column is then»“read"
L cm) on the apparatus.
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Figure 14, Detector response to two disk Detector design. A detailed drawi‘ng‘of‘the
sources of **°Cd. detector geometry, with shielding, is shown in
Figure 13. Figure 14 shows the detector response
to two disk sources, one having 50% higher activity than the other, that were approximately 9 mm
apart in the column. The two peaks can be seen quite distinctly.

If the full width of the column is seen by the detector then the minimum volume element oy ‘,“'.3
column seen by the detector is determined by the slit geometry as shown in Figure 13 and is given
by: <

2
g md (: +b) m
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where

. hx

?

a -

"Mf—é”‘;d)_h' b

How well a given design approaches this minimum vol~me element can be determined by passing a
pPlane source, parallel to the detector, past the slit, assuming that the variation of radiation is in-
dependent of the distance from the source to the detector (because of the distances involved with
the present apparatus this variation is insignificant and need not be considered). In other words,
what the detector should ideally see is in direct proportion to the area of the plane source which
remains in the geometric field of view of the detector. For a given diameter column, the smaller
the volume element the greater the resolution. We define the following parameters (Fig. 13):

Q = position of ths plane source relative to the center of the slit ‘

I = intensity of radiation reaching detector (proportional to the disk area A)
1 = constant for @ = 0to @ = (h/2) + b

I=0forQ>(h/2)+a

I« Afor [(h/2) + a] > Q> [(h/2) + b)

The area A of tt_le disk scen by the slit is:

r2 cos™! (%v)_ (r - w)[r2 - (r - w)‘-’]‘/2 ' ®)

A

where

€
1

be-dlsy

The solution, symmetrical around Q = 0, is normalized and plotted in Figure 15. Also plotted in
Figure 15 is the experimental result for a '”Cd disk moving past the slit. This isotope emits
rather low energy photons and provides a source free of many interfering physical phenomena.

As can be seen this assumption approximates the experimental situation but has two notice-
able shortcomings. At the maximum it predicts a plateau indicative of constant intensity across
the detector face. In reality this plateau is not seen and this is probably due to the fact that the
detector is of a well-type design (a flat-faced detector would be much preferred but was not avail-
able) and thus would impart some inhomogeneity into the situation. At the extremes of the detector’s
geometric viewing angle it can be seen that the radiation has not dropped as rapidly as predicted.
This is possibly due to scattering of some of the radiation off the slit walls and/or some radiation
reaching the detector after having passed through the lead.

An analytic solution capable of describing this situation would be exceedingly difficult to ob-
tain and its usefulness is questionable. For example, in attempting to determine the cause of the
slow drop-off in intensity at the extremes of the detector’s acceptance angle, it would be necesssary
to know the mass absorption coefficients of the photonz emitted by, in this case, cadmium in 1sad.
These coefficients are not known with certainty but can be estimated from tables.” However, these
values are based on ‘‘good geometry,’’ where the source is distant firom the shielding. The effec-
tive ahsorption coefficient decreases as the geometry becomes poorer, as is the case with this
apparatus. This consideration, along with the fact that 1) there is total attenuation if the slit is
replaced by solid lead (indicating that so-called ‘‘buildup’’ is negligible), and 2) the response of
the probe is unaffected, except at the maximum, by the presence of a standard aluminum absorber
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Figure 15. Comparison ol experimental values for a

disk source of *°°Cd moving past slit with theoretical

response predicted by eq 2. The intensity is in arb.-
trary units,

(605 mg/cm?) placed between the detector and the slit (to filter out scattered lower energy photons)
tend to support the premise that in this particular case the “‘extra’’ photons are passing through
some of the lead and reaching the detector. The situation becomes even worse when sources such
as *’Na are used that emit higher energy ohotons. Here, scattering of high energy photons within
the lead becomes significant. These scattered photons are, however, of lover energy. Further
discussions of these problems are found in Fitzgerald et al.™

WP TS, TR < e,

"

T

The best results would probably pe attained using a counter with an attached pulse height
analyzer so that the photon energy giving the smallest '“window'’ commensurate with a statisticali:
significant counting rate could be utilized. Use of a flat-faced detector is also preferable,

T

The next section deals with varions methods of analyzing the measured profile and attempting
to relafe it to relative disteibution of isotope in the column.

Mathematical analysis of curves

ST

As mentioned previously it might be possible to develop the preceding section to the point
where the actual distribution of the isotope with.n the column could be determined exactly. How-

ever, there are other methods which do not rejuire the assumptions and approximations involved
in such calculations.

ot bl LAl et 1
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What is actually seen by the detector is a '‘smoothed’’ profile, or one that has been convolved
with 4 set of experimental “‘weights.”” Healy'' discusses this in detail but a short explanation will
__be presented here. Suppose a column has at three adjicent levels isotope activities of 1, 1 and 1.
“The detector does not <ee just one level of the column but several levels due to the size of the ac-
ceptance angle.  And it sees these levels at varying efficiencies, i.e. the effect of the portion of
the soil column that 1s centered on the detector is larger than the effect of the portions above and
below this central pomt. Suppose that the detector can see all three levels at once but 1t sees the
central level three times more efficiently than either of the other two levels. In other words, the
detector assigns weights of 1, 3, 1 1o the readings. The data thus become convolved or smoothed

‘ o W,

as shown:
Level Actual strength Smoothed values
0 0 1 -
1 1 4
2 1 5
3 1 4
4 0 1

The smoothed values are ohtained by aligning the cential weight, 3, at any level, cross multiply-
ing the product and adding the resultant values. For example, at level 2:

, T R R ol
b il e it 3 e i e s,

Level Actual Smoothed E
0 0
1 1x1
3 1x1 3
4 0 =

The general expression for this smoothing is:

L

k (N-1) 2
El. E WI(L v k) 3)

R T PN K T

,

ko [tv-1) 2

-

where EL 15 the smoothed value at the Ltk level, T the true value, w, the kth weight, and T(L. ' k)
the true value at position [, + k, all for N weights. If the experimental conditions are such that it
is known that all teue values are zero at points hevond the end points, then for N weights, E ex-
perimental values and T true values it is apparent that

R

T E N+ L

[inplicit in all these methods is the fact that there is a central weight (i.e. the rotal number of
weights is odd) and that the data are equally spaced, with the spacing identical to the weight
spacing. Equation 3 can naturally be inverted (deconvolution) in order to solve for the true

values, given the experimental values and the weights. The difficulty with solving the problem
using the deconvolution method is that it is highly sensitive to random errors (noise) and, be-
cause we start evaluating the true values at one end point and calculate through to the other end
point, this errot is propagated and gets increasingly larger as each unknown value i3 subsequently
evaluated. This turns out to he the situation with the counting data since the values are inherently
noisy.

L‘Mﬁ W AL
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Figure 16. Sensor weights as determined by

passing disk sources past slit.

Cox," using a similar experimental arrange-
ment in his investigations of sea ice, solved
the equations simultaneously. Equation 3 may
obviously be arranged in a matrix format. For
N weights there will be (N - 1) extra equations.
In addition, there is one more equation available:

K constant ’I‘l ' 7‘2 ' ’I‘3 ' ’I'4 ' Tsf-... 1 'I'N.

“)

In order Lo solve for the unknowns by matrix in-
version N equations must be eliminated. Analy-
sis of experimental data using this technique
was not sstisfactory because no equation is
better than any other and all the equations have
not heen utilized. In addition there is some error
in the computer's inversion process which may

- increase the error in the calculated true values.

Random error in the experimental values is prob-
ably the predominant source of error in analysis
by this method.

There remains one final method to be dis-
cussed here. Before doing so it will be advan-

tageous at this time to discuss how the sensor weights were determined. Three disk sources of
" ¢d, each having a different level of activity, were placed parallel to the detector. They were
moved past the detector in 2-mm increments and the number of counts per minute was recorded at
each level. Because the “‘window’ sizes were identical, the results were normalized to the low-
est activity (0.133 pC) and averaged. The results are shown in Figure 16. By dividing each value
by the maximum value one obtains a et of weights which reflect the significance of each level to
the total counting ratc ot the central level. The sum of the weights is called the gain and for this
system was equal to 4.4. A total of 15 weights are involved.

As indicated by Healy,'* and discussed at length by Holloway,"” any curve cin be described
by using Fourier transform analysis. An experimental profile (see Figure 20 for example) consists
of a steeply rising portion due to the detector approaching the soil/air interface and a more gently
sloped decreasing portion as the isotope trails off in the lower part of the soil column. The effect
of the sensor is to smooth the true profile such that the high frequency components of the steeply
rising portion are suppressed. The problem is therefore to undo the damage done by the smoothing

process.

The gensor’s frequency response R(f) is defined as:

m m
R() w, cos(2nfk) + i w, sin(2nfk). 5)
kzn kzn

There are (n + m+ 1) weights (w,): [ is the frequency or eycles per data interval, and is allowed to

vary between 0« < 0.5, Ifw_

Wy o then the sine term vanishes and the function is said to be

even. For non-vanishing sine terms the value of R(f) is defined as the square root of the sum of

the squares of the real and imaginary parts:
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Figure 17. Frequency response of present arn attempted filter design as described
sensor weights as calculated by eq in the text.
S and 6.
IR = (IRe[RO)IZ + {Im[RONZN/? . )

By utilizing eq 5 and 6 the frequency response R(f) of the sensor weights is obtained and is plotted
in Figure 17. More importantly, since we will be interested in reversing the procedure, the inverse
frequency response R(/)' is obtained and is plotted in Figure 18.

The problem is to find a suitable filter that will amplify the frequencies which have been sup-
pressed. This was initially done by convolving the R(/)* values at 0, 0.05, 0.10, 0.15, 0.20 cycle
with a filter having weights of 0.25, 0.5, 0.25 (Fig. 18). As discussed by Hibler' such a smooth-
ing reduces spurious ripples in the filter's frequency response. The resultant values were found

to be unsuitable in the low frequency rangs 80 that it was necessary to arbitrarily select non-
. smoothed values:

i Fregquency R()!

P 0 1

‘ 0.05 1.15

i 0.10 1.75

i 0.15 3.4
0.20 5.55

F 0.25 3.5

1 0.30 1.35
0.35 1

0.40 1
0.45 1
0.50 1
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This is not the most desirable method of selection but was found to suffice for the situation here.
The best method is to generate the desired values of R(f)™* by convolving the original values of
R(f)"' with 2 smoothing function. In either case, it 1s necessary to reduce R(f)"' at high frequencies
from the ideal value since too much amplification results in amplified noise (error). Consequently,
in practice we are not able to restore the highest frequencies.

If it 18 now assumed that the function is even, l.e. the weights are symmetric ahout the origin,
then one can solve for the weights that will penerate this inverse frequency tesponse. Using
Hibler's' notation, but with a slightly different form of his eq 2:

|

Ry cos(2n k!N) N-

1
+ -
2N N

e e

1
R, cos(2nlk) )
t=1

R

0
W, = -
kT ot

where Rl is the inverse frequency response at frequency f and

N = (no. of weights -~ 1)/2,

For this situation N = 10 (i.e. the weights are symmetrically distributed around the central weight
at RO). and the equation is designed to return weights with unity gain. Since the original set of
sensor weights has a gain of 4.4, these new weights are divided by this value. The sensor weights
could just as easily have been unitized previously.

The test of the validity of this method is shown in Figure 19. Theoretical true profiles have
been convolved with the sensor welghts to obtain an ‘‘experimental’’ curve. These curves have .
then been convolved with the filter weights determined from eq 7 to regenerate ihe original pro- -
files. As can be seen, the agreement is quite satisfactory except at the very hegianing, which is
probably indicative of the imperfection of the filter. Because the sensor eliminated the very high
frequency components we will always be faced with the problem of determining the end point. [t
may be determined by trial and error: by finding the point that when combined with the others and : .
then convolved with the sensor weights regenerates the experimental profile most closely. Alter- ) )
natively, we may make use of eq 4 to solve for this value or utilize the fact that the area under
the experimental curve is 4.4 times that of the true profile to calculate the missing point.

Use of this filter on an actual experimental profile is shown in Figure 20. As can be seen,
the calculated true profile, when convolved with the sensor weights, generates the experimental
profile. Hete, by trial and error, the fourth guess led to the decision that the true end point lies
at the position indicated. These results give a reasonable experimental profile upon recalculation.
The choice of any reasonable end point results in little or no influence on the descending part of

the curve for a slit with narrow resolution or for the end point sufficiently far removed from the
descending part of the cuive.

Figure 21 shows the results for a series of experiments. The experimental conditions were
as follows: 500 g of < 2 mm calcium-saturated Windsor B soil was packed dry into a column in
order to minimize stratification of the soil. Visual observation indicated minimal detectable band-
ing. The resultant bulk density was approxirately 1.4 g/cm’. The column was evacuated and
filled with dishilied wate,. A minimal amount of solution was always maintained over the top sur-
face 10 prevent air from entering the soil column. Solutions with voiumes no larger than 50 cc were
passed [hrc.whalhc' column at a constant rate of 0.06 cm/min. Readings were taken shortly there-
aftet ot as indscated. Proper end points have not been calculated for these curves as we are mainly :
interested 1n the descendine portions. The curve (Fig. 21) with the plateau preceding the maximum :
is a case where there 1s approximately one centimeter of standing isotope solution on the surface.

b
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Figure 20. Actual experimental profile and calculated true profile.
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Figure 21. Calculated true profiles for a Windsor B sample. Already pre-

sent in the system for curve 1 are 100 cc of CdC!, (ICd**] - 7.88 x 10°*N).

After the system had stood for four days 50 cc of H,0 were added and the
column counted t(wo days later.

The existence of a plateau on the descending portion of tha profiles can in some cases be

seen, to a smaller extent, in the original experimental profile where it appears as a shoulder on the
descending portion of the curve. Whether it is a physical srror, due to some form of flow maldistri-
bution, or a teue situation, due perhaps to the prosence of CAClY, is not known. Non-equilibrium
distribution seems unlikely as the plateau is seen even after several days. No further iniurpretation
of the data will be made here except to note that curve 3 of Figure 21, representing the resuits of
calcium chloride addition, is very similar to that of the original profile. This is due to a combina-
tion f the narrow slit resolution and the small slope angles. This will not necessarily be the case

when high snergy isotopes are used.
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Cutve 2 of Figure 21 represents an interesting situation, the exact cause of which is not known.

Oscillation hus been introduced which may he due to either u peculiarity of the data used in the cal-
culation or to the fact that non-smoothed values of R(f)"' were used to calculate the weights. The
actual experimental profile did show a slight depression at its maximum. The ateas under experi-
mentil curves 2 and 3 were identical within experimental error.

Conclusiona

The use of a filtering function is seen to be useful in decoding convolved profile data obtained
by the previously described methods. Prchlems exist in the high frequency region but can be cor-
tected fot, and excellent agreement is obtained in the low frequency tegion (the descending part of
the curve). The latter is of more interest from a theoretical standpoint.

The method 1s quite general and should work with other system geometries and other isotopes
whose photon energies ate so high as to give poor resolution.
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